Computer simulation of the liquid crystalline phase of five different hydrated unsaturated phosphadidylcholine ͑PC͒ lipid bilayers, i.e., membranes built up by 18:0/18:19cis PC, 18:0/18:26cis PC, 18:0/18:33cis PC, 18:0/20:46cis PC, and 18:0/22:63cis PC molecules have been performed on the isothermal-isobaric ensemble at 1 atm and 303 K. ͑The notation n : dpcis specifies the lipid tails: n refers to the total number of carbon atoms in the chain, d is the number of the methylene-interrupted double bonds, p denotes the number of carbons between the chain terminal CH 3 group and the nearest double bond, and cis refers to the conformation around the double bonds.͒ The characteristics of the free volume in these systems have been analyzed by means of a generalized version of the Voronoi-Delaunay method ͓M. G. Alinchenko et al., J. Phys. Chem. B 108, 19056 ͑2004͔͒. As a reference system, the hydrated bilayer of the saturated 14:0/14:0 PC molecules ͑dimyristoylphosphatidylcholine͒ has also been analyzed. It has been found that the profiles of the fraction of the free volume across the membrane exhibit a rather complex pattern. This fine structure of the free volume fraction profiles can be interpreted by dividing the membrane into three separate major zones ͑i.e., zones of the aqueous, polar, and apolar parts of the membrane͒ and defining five subzones within these zones according to the average position of various atomic groups in the membrane. The fraction of the free volume in the middle of the membrane is found to increase with increasing unsaturation of the sn-2 chain of the lipid molecule. This is due to the fact that with increasing number of methylene-interrupted double bonds the lipid tails become more flexible, and hence they do not extend to the middle of the membrane. It is found that there are no broad enough preformed channels in the bilayers through which small penetrants, such as water molecules, can readily go through; however, the existing channels can largely facilitate the permeation of these molecules.
I. INTRODUCTION
Experimental and theoretical molecular-level investigations of the structure and properties of various lipid membrane systems are essential for the understanding the molecular mechanism of many biological processes and are important for drug design and biotechnology. Natural membranes are heterogeneous: they consist of various lipid molecules ͑with different headgroups and hydrocarbon tails͒, and, in addition, they include proteins as well as other molecular components. 1 The lipid molecules, which play an important role in determining the cell structure and function, may contain a wide variety of hydrocarbon ͑for the most part, unbranched͒ chains of fatty acids. Moreover, in most cases, at least half of these fatty acyl chains are unsaturated.
The most commonly occurring chains ͑12 to 24 carbons͒ may contain one to six C v C double bonds ͑as a rule, in the cis configuration͒ in different positions.
Polyunsaturated lipid chains have attracted the attention of researches in the recent years because of their specific role in membrane functioning. It has been observed that membranes that are active metabolically, as in rod outer segments, mitochondria, sperm, and synaptic vesicles, contain a large amount of polyunsaturated fatty acid chains. The content of docosahexaenoic fatty acid chains in both marine and freshwater fishes is closely correlated with the level of fish species mobility: the content is highest in highly active species. Even though the importance of unsaturated and polyunsaturated lipids is widely recognized, experimental data concerning their physical properties are scarce, and full understanding of their roles at the molecular level is not yet achieved. One of the most promising ways for getting an insight into the physical properties and behavior of lipid membranes is to study their molecular models by computer simulation methods, such as Monte Carlo ͑MC͒ or molecular dynamics ͑MD͒. Computer simulations can well complement experimental techniques, as they can provide data inaccessible by any experimental methods. With increasing computational power and improvements in simulation methodologies as well as in force fields larger and more complex systems have become accessible to MC and MD simulations. [2] [3] [4] [5] [6] One of the key membrane functions is the regulation of the transport of small molecules across the membrane. While the membrane transport, as a rule, involves special channelforming peptides and proteins, various small, uncharged molecules, such as O 2 , CO 2 , H 2 O, NO, N 2 O, CO, CHCl 3 , etc., can permeate the cell membrane without the aid of any transmembrane protein. 7 However, the direct computer simulation of the diffusion of such penetrants across the membrane is severely hindered by the extreme computational cost required by such a calculation. The diffusion profile of a few small penetrants across a fully hydrated lipid bilayer has, to our knowledge, only been determined by computer simulation methods in the pioneering works of Marrink and Berendsen. 8, 9 However, in getting some insight into the permeability properties of the lipid membranes from computer simulations, indirect methods can also be used. Thus, the thermodynamic driving force of the crossmembrane diffusion of several small penetrants across various hydrated lipid bilayers have been determined by calculating the free energy profile of the penetrants across the membrane. 10, 11 An important contributor to the thermodynamic driving force is the free volume available. Thus, the diffusion properties of the penetrants are obviously related to the properties ͑e.g., size, shape, orientation, etc.͒ of the free volume clusters present in the membrane, and therefore a detailed analysis of the voids can also provide some information on the permeability properties of the membrane. [12] [13] [14] [15] A very effective way of characterizing the structure of a molecular system concerning its free volume properties is the study of its Voronoi polyhedra and Delaunay simplexes. [16] [17] [18] [19] The Voronoi-Delaunay approach is used to analyze various properties of systems at the molecular level, such as the local order in noncrystalline packings, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] extended ͑i.e., intermediate range͒ structural correlations, 37, 38 or percolation properties of the interatomic voids. [39] [40] [41] Different applications of the approach to various complex molecular systems, [13] [14] [15] [42] [43] [44] [45] [46] [47] [48] [49] [50] including hydrated phosphatidylcholine ͑PC͒ lipid bilayers [13] [14] [15] 45, 47, 48 have also been reported. Recent development of the Voronoi-Delaunay method 14, 15, [51] [52] [53] has allowed its application to the free volume analysis of such complex systems. [13] [14] [15] It should be mentioned that the study of "geometric" properties of a given system ͑e.g., study of the free volume characteristics using the Voronoi-Delaunay method͒ and their comparison with various physical ͑intermolecular, energetic, dynamical͒ properties contributes to the deeper understanding of the roles of both the geometric and physical aspects of different processes and phenomena, such as the crossmembrane transport or diffusion of real small noncharged molecules in a membrane. There are good reasons to think that geometric properties of molecular systems are correlated with the physical ones. For instance, the permeation of oxygen molecules into the dimyristoylphosphatidylcholine ͑DMPC, or 14:0/14:0 PC͒ membrane ͑i.e., the transmembrane profile of the O 2 concentration͒, determined by using nonlinear continuous-wave electron paramagnetic resonance 54 is consistent with the computer simulation probability profiles of finding spherical cavities of various given radii across the simulated fully hydrated 14:0/14:0 PC membranes 10 and 14:0/14:0 PC-cholesterol mixed membranes. 11 It has also been found that there are qualitative similarities among the free volume characteristics of various lipid bilayers. 13 It is therefore not surprising that MD simulation results 55 on the permeation of a comparatively large molecule ͑a derivative of the branched fatty acid CH 3 -CH 2 -CH 2 -CH-͑COOH͒ -CH 2 -CH 2 -CH 3 ͒ across the hydrated dipalmitoylphosphatidylcholine or 16:0/16:0 PC membrane are also in accordance with the aforementioned results 10, 11, 54 Figs. 1͑a͒-1͑e͒ . Throughout this paper, we use the notation n : dpcis for describing the structure of each fatty acid chain of a lipid molecule, where n refers to the total number of carbon atoms in the chain, d is the number of ͑methylene-interrupted͒ double bonds, p denotes the number of carbons between the chain terminal CH 3 group and the nearest double bond, whereas cis refers to the conformation around the double bonds. For brevity, the fragment pcis in the notation is frequently omitted.
In the simulated membranes mass density profiles of different groups of atoms along the bilayer normal axis are calculated for each bilayer. The free volume properties are characterized by determining partial free volume profiles across the bilayers, the distribution of the radius of spherical interstitial cavities, and the critical radius values at which the FIG. 1. Molecules of unsaturated and saturated phosphatidylcholines ͑PC͒, as taken out from instantaneous configurations of the systems simulated. ͑a͒ 1-stearoyl-2-oleoyl-sn-glycero-3-PC ͑18:0/18:19cis PC͒, ͑b͒ 1-stearoyl-2-linoleoyl-sn-glycero-3-PC ͑18:0/18:26cis PC͒, ͑c͒ 1-stearoyl-2-linolenoyl-sn-glycero-3-PC ͑18:0/18:33cis PC͒, ͑d͒ 1-stearoyl-2-arahidonoyl-sn-glycero-3-PC ͑18:0/20:46cis PC͒, ͑e͒ 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-PC ͑18:0/22:63cis PC͒, and ͑f͒ 1,2-dimiristoyl-sn-glycero-3-PC ͑14:0/14:0 PC͒.
free volume pockets present in the systems percolate either in the lateral or in the normal direction by means of the Voronoi-Delaunay method. The obtained results are compared with the same properties determined in the previously simulated hydrated membrane of the saturated 14:0/14:0 PC molecules 56 ͓see Fig. 1͑f͔͒ as a reference system. The comparative investigation of different bilayers provides an opportunity to establish interrelations between the chemical structure of the lipid molecules and physical properties of the bilayers.
II. COMPUTATIONAL DETAILS

A. Molecular dynamics simulations of bilayers of unsaturated lipids
The mathematical technique used in the MD simulation of the unsaturated 18:0/18:19cis PC, 18:0/18:26cis PC, 18:0/18:33cis PC, 18:0/20:46cis PC, and 18:0/22:63cis PC lipid bilayer has already been employed earlier. [57] [58] [59] The rectangular parallelepiped shaped simulation box has contained 96 PC molecules and 2304 water molecules, i.e., 48 lipid molecules per layer and 24 water molecules per lipid in each case. Thus, the total number of the atoms in these systems has been 20 352, 20 160, 19 968, 20 352, and 20 544, respectively. Standard periodic boundary conditions have been applied. The initial configurations of the bilayers have been highly ordered ͑crystal-like͒ structures. The chemical structure of the PC lipid molecules ͑i.e., the two hydrocarbon tails, the glycerol section, and the PC headgroup͒ has been treated in accordance with their real structure; all hydrogen atoms have been included explicitly in the calculations.
The lipid molecules have been modeled by the CHARMM22 force field optimized for proteins and phospholipids. 60 The potential parameters of this force field are summarized elsewhere. 61 Water molecules have been described by a flexible version 62 of the TIP3P ͑Ref. 63͒ potential model. The total potential energy of the system U has been calculated as
where N l and N w are the number of lipid and water molecules, respectively, the indices i and j run through the molecules of the system, i b , i a , i t , and i oop in the first brackets run through the bonds, bond angles, torsions, and double bonds of the corresponding lipid molecule, respectively, i b in the second brackets runs through the two bonds of the corresponding water molecule, and the indices A and B run through the atoms of the corresponding molecules. The intramolecular energy terms have been calculated as follows:
for the bond stretching energy,
for the angle bending energy,
for the torsional energy, and
for the out-of-plane energy around the C v C and C v O double bonds. In these equations l, , , and stand for the bond lengths, bond angles, torsion angles, and out-of-plane angles, respectively; l 0 and 0 denote the equilibrium values of the bond lengths and bond angles, respectively; K l , K , K , and K are the force constants for the bonds, angles, dihedrals, and out-of-plane angles, respectively; whereas n 0 is the dihedral multiplicity and ␦ = ± 1. It should be noted that the parameter ␦ of the torsional potential functions ͓Eq. ͑4͔͒
around the sp 3 -sp 3 carbon-carbon bonds adjacent to the sp 2 -sp 2 ones ͑in the unsaturated chains͒ is essentially different from that of the saturated regions of the hydrocarbon tails. 60 Thus, for the X -CT3 -CT3 -X type dihedral angles ͑where X indicates a wildcard, i.e., an arbitrary atom͒ the parameter values of K = 0.16 kcal/ mol, ␦ = 1 and n 0 = 3, whereas for the CT3 -CT3 -CT2 v CT2, CT2 -CT3 -CT2 v CT2, and HC-CT3 -CT2 v CT2 torsions, for which, in contrast to the previous case, the eclipsed conformations are the most preferable ones, the values of K = 0.16 kcal/ mol, ␦ = −1, and n 0 = 3 have been used. ͑Here CT3, CT2, and HC denote the sp 3 carbon, sp 2 carbon, and hydrogen atoms of the lipid tails, respectively, and the dihedral angle value of = 0°corresponds to the eclipsed conformation.͒ Finally, the X -CT2 v CT2 -X torsions around the cis double bonds have been described by the parameters K = 6.65 kcal/ mol, ␦ = −1, and n 0 = 2, whereas in the out-ofplane energy term ͓Eq. ͑5͔͒ the value of K = 11.6 kcal/ mol has been used for both the C v C and C v O double bonds.
For the nonbonded interactions, the van der Waals energy term has been calculated as
where
is the Lennard-Jones potential with the energy and distance parameters 60, 61 of AB and AB for the atom pairs of types A and B, r AB is the distance of the corresponding atom pair, and W vdW is the switching function with the parameters R on and R off ͑for which the values of R on = 9.0 Å and R off = 10.5 Å are adopted͒:
This function switches the U LJ ͑r͒ function ͓Eq. ͑7͔͒ to zero in the distance range between R on and R off smoothly ͑i.e., in such a way that the first and second derivatives of the function U LJ ͑r͒ * W vdw ͑r͒ coincides with those of U LJ ͑r͒ at R on , and become also zero at R off ͒. Finally, the electrostatic energy term is given as
where q A and q B are the partial charges on atoms A and B, respectively ͑summarized for all the atoms of the PC lipid molecules elsewhere 58 ͒, 0 is the vacuum permittivity, and W e is the screening function with the radius of R e ͑being R e = 10.5 Å in the calculations͒:
This screening function is used to apply the electrostatic energy term only within the distance of R e . The equations of motion have been integrated on the ͑N , p , T͒ ensemble using the collisional dynamics method,
where the index i runs through all the atoms of the system, the index ␣ runs through the X, Y, and Z axes of the space- 
where T ref is the reference temperature and k B is the Boltzmann constant. The collisions occur in accordance with a Poisson process specified by a single parameter 0 , i.e., the mean number of collisions that atom i suffers per time unit.
The impulse force and time moment of the kth collision of atom i with the virtual bath particles are denoted by f k i and t k i , where
The systems have been coupled to an external temperature bath of T ref = 303 K and to the reference pressure of p a ref = 1 atm along all the three Cartesian axes. The simulation temperature of 303 K is higher than the relevant experimental gel-liquid crystalline phase transition temperature of all the five systems simulated. 65 The time step of the simulations has been 1 fs. The systems have been equilibrated by simulating trajectories of about 600 ps. Then, in the production phase of the simulations trajectories of about 1 ns have been generated. The analyses have been performed on 20 000 sample configurations, separated by 50 time steps ͑i.e., 0.05 ps͒ each, in each of the five systems. Further details of the calculations are given elsewhere. 58, 59 The average area per lipid molecule was obtained as 61. 34 66 The systems are illustrated by showing the snapshot of an instantaneous equilibrium configuration of the 18:0/18:26cis PC bilayer in Fig. 2͑a͒ .
B. Monte Carlo simulation of the DMPC bilayer
The details of the Monte Carlo simulation of the hydrated 14:0/14:0 PC bilayer have been described elsewhere, 56 so only the most important points of the simulation are reminded here. The simulation has been performed using the program MMC ͑Ref. 67͒ on the ͑N , p , T͒ ensemble at T = 310 K and p = 1 atm, i.e., above the gel-liquid crystal- 
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line transition of the system. The shape of the simulation box has been hexagonal prism, in order to maximize the lateral distance of two periodic images of an atom. The average edge length of the basic hexagon and height of the prism were obtained as 23.55 Å and 79.01 Å, respectively. Water and lipid molecules have been modeled by the rigid TIP3P potential 63 and the CHARMM22 force field, 60 respectively. The conformation of the lipid molecules has been sampled from their torsion angle space, while their bond lengths and bond angles have been kept fixed at their equilibrium values. Every water displacement step, in which the chosen rigid water molecule has been translated by a maximum distance of 0.3 Å and rotated around a randomly selected space-fixed axis by a maximum angle of 20°, has been followed by either a lipid displacement ͑i.e., translation and rotation͒ or a torsional rotation step. In order to improve the sampling of both the orientational and torsional degrees of freedom of the lipid molecules, the recently developed extension biased method 68 has been used. Thus, the maximum angle of rotation has been set to c / ͱ L max , where c is the step size parameter and L max is the distance of the farthest rotated atom from the axis of rotation. As a rule, the use of variable step size in MC simulations requires the modification of the acceptance probability by the factor P j→i sel / P i→j sel , i.e., the ratio of the probabilities of selecting a move and of its reverse. However, as long as only one torsional angle is changed on the same molecule or only one molecule is rotated as a rigid body in one MC step, this factor is 1 since these changes do not affect the distance of the rotated atoms from the axis of rotation. As a result, the standard Metropolis acceptance criterion 69 can be applied. Every 625 pairs of a water and a lipid move have been followed by a volume change attempt, in which the total volume of the system has been changed by at most 800 Å 3 . In order to let the lateral surface density of the lipid molecules and the volume density of the system being equilibrated independently from each other, in a volume change step either the cross section or the height of the prism shaped basic box has been changed. The two types of volume changes have been attempted in an alternating order. The system has been equilibrated by performing 7 ϫ 10 7 MC steps. Then 1000 sample configurations, separated by 10 5 MC steps each, have been saved for the analyses. The snapshot of an instantaneous equilibrium configuration of the system is shown in Fig. 2͑b͒ .
C. Voronoi-Delaunay calculation of the characteristics of intermolecular voids
In this study, we use a generalized version of the Voronoi-Delaunay method for the analyses, which is a general tool for structure and void analysis in computer simulations. 18, 19 However, to apply it to molecular systems a significant modification of its original version is required, since molecular systems usually consist of atoms of different radii; in addition, atoms in a molecule are connected via chemical bonds whose lengths are usually shorter than the sum of the corresponding atomic radii. Thus, from a mathematical point of view, a molecular system can be regarded as an ensemble of partially overlapping balls of different radii. The generalization of the method, which makes it applicable to study voids in molecular systems is developed in our recent works. 14, 15 From the mathematical point of view, this modification of the method in a case of spheres implies a well known generalization of the classical Voronoi diagram to the additively weighted Voronoi diagram. 18 The theoretical origin of the method from this aspect has been discussed elsewhere, 18, 19, [70] [71] [72] some early applications have been reported previously. 51, 52 The initial construction of the generalized version of the method is the Voronoi S region corresponding to each atom: a region of the space where all points are closer to the surface of the given atom than to the surfaces of the other atoms of the system. For atoms of the same size this region obviously coincides with the classical Voronoi polyhedron defined for the atomic centers. The most important property of the S region is that it determines naturally the region of space that is assigned to a given atom. It is known that the Voronoi S regions constructed for all of the atoms of the system form a mosaic, which covers the space without overlapping and gaps. This mosaic, called the Voronoi S tessellation divides the system, similarly to the classical Voronoi tessellation, into the simplest groups, i.e., quadruplets of mutually neighboring atoms ͑Delaunay S simplexes͒ that represent elementary cavities between these atoms. The set of all vertices and edges of the Voronoi S regions determines the Voronoi S network. Each vertex ͑site͒ of the Voronoi S network is the center of the interstitial sphere determined by the corresponding Delaunay S simplex. Each edge ͑bond͒ of the network is a fairway passing through the bottleneck between three atoms from one site to the neighboring one.
The problem of overlapping atoms can be easily solved for the purpose of void analyses, using the property of the Voronoi S network that it does not change if the radii of all the balls ͑atoms͒ of the system are decreased ͑or increased͒ by the same value. Having a system of overlapping atoms one can construct a reduced system by decreasing the radii of all the atoms of the initial system by a constant value and thus eliminate their overlap. Then any algorithm of constructing the Voronoi S network for systems of nonoverlapping balls can be used.
An important problem is the definition and determination of the interatomic voids in the systems simulated. Indeed, empty space in a three dimensional configuration of balls is a complex, singly connected system confined by spherical surfaces of the balls. Here we define an interatomic void in a physical way as a part of this empty space that is accessible for a spherical probe of radius R probe . 14, 15, 19 Obviously, this definition depends on the detection criterion through the value of the probe radius R probe . Intermolecular voids are confined by spherical surfaces of the atoms and by flat faces of the Delaunay S simplexes. Each void can be represented by a cluster of sites ͑Delaunay S simplexes͒ and bonds of the Voronoi S network: sites correspond to the elemental cavities forming the void whereas bonds represent the bottlenecks between these elemental cavities. Obviously, for a given void the radius of these elemental cavities and bottlenecks are always larger than R probe . The representation
of the intermolecular voids as clusters of the Delaunay S simplexes gives a possibility for quantitative analysis of their volume, shape, and spatial distribution.
In the present analyses we have defined the size of the atoms by their van der Waals radii, i.e., 1.715, 1.165, 1.400, 1.900, and 1.500 Å for the C, H, O, P, and N atoms, respectively.
III. RESULTS AND DISCUSSION
A. Atom mass density profiles
Mass density profiles of various groups of atoms along the bilayer normal axis Z have been calculated in all systems simulated. The profiles have been obtained by calculating the total mass of the relevant atoms in slices of 0.1 Å widths along the Z axis, and averaging over the two sides of the bilayer. In the calculations the position of the bilayer center ͑Z =0͒ has been determined in each configuration as the Z position being at equal distances from the average position of the centers of the P-N vectors ͑i.e., midpoints of the section between the P and N atoms͒ in the two layers. In order to eliminate the differences in the widths of the different bilayers, the distances along the Z axis are given in A z units, i.e., normalized by the length of the Z edge of the basic simulation box.
The resulting density profiles, with the exception of that of the atoms belonging to the lipid hydrocarbon tails, are found to be rather similar as obtained in the different systems, including even the saturated 14:0/14:0 PC bilayer. The mass density profiles obtained in the 18:0/18:19cis PC bilayer are shown, as an example, in Fig. 3͑a͒ , whereas the profiles of the lipid hydrocarbon chains in all unsaturated bilayers simulated are presented in Fig. 3͑b͒ . As it can be seen, the density profiles have high values at the location of the headgroups and show a minimum or a plateau at the center of the bilayers. The water molecules penetrate into the bilayers up to the region of the C v O groups. The density at the center of the unsaturated bilayers becomes lower with increasing degree of unsaturation: it is highest in the 18:0/18:13cis PC and lowest in the 18:0/22:63cis PC system. The difference in the properties of these two bilayers has been discussed in our previous work, and it has been revealed that the polyunsaturated sn-2 chain ͑22: 63cis͒ does not penetrate as deep into the bilayer as the saturated sn-1 chain 18:0. 59 This result is in accordance with the observed dip of the mass density profile in the centre of the 18:0/22:63cis PC bilayer, and with the marked trend of decreasing density with increasing unsaturation at the central part of the bilayers ͓see Fig. 3͑b͔͒ .
The thickness of the bilayers depends both on the hydrocarbon chain length ͑i.e., the number of the carbon atoms͒ and on the chemical structure ͑i.e., the number of the C v C double bonds͒ of the tails. The average distance between the P-N vectors along the membrane normal is found to be 43. Based on the analysis of the mass density profiles of the various atomic groups, shown in Fig. 3 , the systems studied can be divided into several different zones along the membrane normal axis Z. Since different zones represent regions of rather different compositions, such a division appears to be useful not only for the analysis of the density distribution of the atoms, but also for the study of free volume properties of the bilayers. The criteria of defining the zone boundaries are dictated by the shape of the various mass density distributions ͓see Fig. 3͑a͔͒ . Indeed, some of the distributions ͑e.g., that of the lipid O atoms, headgroup atoms, atoms of the glycerol backbone͒ have Gaussian-like shapes, whereas other distributions ͑e.g., that of the hydrocarbon tail or water atoms͒ gradually decrease from a constant value down to zero. The boundaries of the zones corresponding to Gaussian-like density distributions are defined as the Z positions at which the density is decreased by the factor of e relative to the maximum, or as the intersection point with another Gaussian-like distribution. Several zone boundaries are defined as the Z coordinate at which one of the mass density distributions drops to zero. In this way, three different zones and five subzones have been defined. The boundaries of these zones are shown in Fig. 3͑a͒ .
The three main zones ͑denoted by 1, 2, and 3͒ cover the systems without gaps and overlapping. Zone 1, defined by the Z positions at which the density of the atoms belonging to the glycerol and O -C v O groups drops to the eth value of its maximum, is the apolar region of the membrane. Within this zone two subzones are defined. Zone 1a, located between the Z values at which the slope of the profile of the hydrocarbon tail atoms changes, is the central part of the bilayer containing mostly chain terminal CH 3 groups. This subzone is the part of zone 1b, which is located between the Z values where the density of the O -C v O groups drops to zero. Thus, zone 1b is the pure hydrocarbon region of the membrane. Zone 2 is the polar region of the bilayer. Its outer boundary is located at the Z value where the density of the headgroup atoms drops to the eth value of its maximum. This zone is divided into two subzones: the glycerol backbones and O -C v O groups are mostly located in zone 2a, whereas zone 2b contains most of the atoms of the PC headgroups. The boundary between the two subzones is located at the Z value where the corresponding density profiles intersect each other. Finally, zone 3 represents the aqueous phase of the system. Inside this zone the subzone 3a of bulklike water is defined as the Z region within which the water density does not deviate by more than 5% from its bulk value. The following analyses of the properties of the voids are performed separately in the separate zones and subzones.
B. Total and partial profiles of free volume across lipid bilayers
We have calculated the total and several partial profiles of the fraction of empty volume across the six membranes simulated. The total profile is simply the ratio of the volume of the entire empty space and the total volume along the membrane normal axis Z, whereas partial profiles show the fraction of the volume of voids accessible for a spherical probe of a given radius R probe . Obviously, when decreasing the value of R probe the partial profiles gradually approach the total profile of the free volume, which corresponds to the R probe value of zero. The evolution of these profiles in the 18:0/18:1 PC system is shown in Fig. 4͑a͒ when gradually increasing the value of R probe from 0 to 2.0 Å with a step of 0.1 Å, whereas the profiles corresponding to the R probe values of 0 ͑total profiles͒, 0.8, and 1.4 Å, as obtained in the six bilayers simulated, are shown in Fig. 4͑b͒-4͑d͒ , respectively. To our knowledge, profiles of the free volume across lipid bilayers have only been determined for bilayers of saturated lipid molecules, using approximate calculations along a finite number of test grid points. [10] [11] [12] As is seen from Fig. 4͑a͒ , the R probe range of 0.0 Å ഛ R probe ഛ 2.0 Å studied covers all possible R probe values that correspond to any void in the system, as the partial profile of the free volume fraction is zero along the entire Z axis at R probe = 2.0 Å. The partial profiles of R probe ഛ 0.3 Å are almost indistinguishable, i.e., noticeable changes in free volume profiles appear only above R probe = 0.4 Å. The partial profiles obtained with different R probe values show qualitatively the same picture in the entire R probe range studied, i.e., the presence and position of the minima and maxima remains unchanged, although the relative height or depth of these extreme can gradually change with increasing probe radius. Similar results have been obtained for the other five bilayers studied.
The resulting profiles differ considerably from the ones obtained in previous studies by approximate calculations [8] [9] [10] [11] [12] [13] as they exhibit a fine structure showing a rather complex pattern of several maxima and minima. However, this fine structure correlates well with the division of the system into separate zones and subzones, as demonstrated in Fig. 4͑a͒ . Namely, the following regularities can be observed. The profiles show a plateau of high values in the bulk water region ͑subzone 3a͒, and start to decrease in the inner part of zone 3. However, the fraction of the free volume remains high in the entire aqueous region ͑zone 3͒ of the systems. In zone 2 ͑region of the hydrated polar groups͒ the profiles go through a deep minimum, indicating the compactness of this membrane region. The minimum itself is located in subzone 2b ͑region of the PC headgroups͒, whereas in subzone 2a ͑re-gion of the glycerol backbones and O -C v O groups͒ the profiles already reach a small maximum. This maximum becomes more expressed with increasing values of R probe , indicating that, in contrast with the aqueous phase, the empty space in this region is formed by a relatively few large cavities. In the outer side of zone 1 ͑apolar region of the membrane͒ a small minimum of the curves can be observed, 
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In subzone 1a ͑region of the chain terminal CH 3 groups͒ the profiles go through a rather deep minimum. However, Figs. 4͑b͒-4͑d͒ clearly show that the depth of this minimum decreases with increasing number of C v C double bonds of the sn-2 lipid chains, becomes a constant plateau in the 18:0/20:4 PC and a maximum in the 18:0/22:6 PC system. This result indicates that the central part of the bilayer is rather compact, i.e., there are considerably less voids among the CH 3 groups than among the chains of CH 2 groups. However, the central part of the membrane becomes more loosely packed with increasing unsaturation of the lipid molecules, in accordance with our previous finding that polyunsaturated sn-2 chains are characterized by very high equilibrium flexibility, [73] [74] [75] and hence do not penetrate as deep into the bilayer as the saturated sn-1 chains even if they consist of more carbon atoms. 59 This high flexibility of the chains consisting of methylene-interrupted C v C double bonds can also explain the deepening of the minimum of the profiles at the outer part of zone 1 with increasing lipid unsaturation. Namely, the fact that due to their flexibility these chains cannot reach the middle of the membrane implies that they give rise to the density of the outer part of the apolar membrane region ͑i.e., zone 1͒, and hence decrease the free volume in this zone. The above findings are also consistent with available experimental data, which show that the water permeability of lipid bilayers increases with increasing lipid unsaturation. 76, 77 Another important feature of the profiles obtained can be observed when comparing the fraction of the free volume in the aqueous and apolar phases ͑i.e., zones 3 and 1͒ at different R probe values. Namely, below a certain value of the probe radius the fraction of the free volume is found to be clearly higher in the aqueous phase than among the lipid tails. However, for larger probe radii the apolar part of the membrane shows the highest fraction of the free volume. This finding indicates that although in the aqueous part of the membrane there is considerably more empty space than in the apolar region, the empty space is much more compact ͑i.e., formed by a few relatively large cavities͒ among the lipid tails. 
C. Distributions of radii of interstitial spheres
We have calculated the distribution of the radii of the empty interstitial spheres ͑i.e., the elemental cavities that are defined by the Delaunary S simplexes and are located at the sites of the Voronoi S network͒ in the separate zones and subzones of the bilayers as well as in the entire systems for all unsaturated membranes simulated. The resulting distributions, averaged over the two sides of the bilayers are found to be rather similar in all the systems investigated. Therefore, as an example, only the distributions obtained in the 18:0/22:6 PC bilayer are shown in Fig. 5 . All of the obtained distribu- Table I for all distributions calculated. The R max values obtained in the aqueous and polar parts of the systems ͑i.e., zones 3 and 2, respectively͒ as well as in all of their subzones are almost independent from the bilayer unsaturation, and are the largest in zone 3 in comparison with the other parts of the systems. However, in zone 1 and, in particular, its subzones 1a and 1b there is a clear tendency that the R max values increase with increasing unsaturation of the sn-2 lipid chains. This finding, indicating that the cavities in the middle of the membrane become, on average, larger with increasing lipid unsaturation, is in clear accordance with our result above that the fraction of the free volume in this part of the membrane is also higher in systems of more unsaturated lipid molecules.
D. Analysis of critical radii in the bilayers
The critical radii R c XY and R c Z that define the size of the largest probes having a path from one side of the simulation box to the opposite one in the XY plane and along the Z axis, respectively, are important characteristics of the distribution of the empty space in the systems investigated. In other words, these values represent the largest probe radii at which the voids form a percolating system in the lateral and normal directions, respectively. The values of R c XY and R c Z have been calculated in all of the unsaturated bilayers investigated as well as in their separate zones and sub-zones. Obviously, for a given zone the value of R c Z denotes the radius of the largest probe that has a path between the boundaries of the zone. The obtained R c XY and R c Z values, averaged over the two sides of the membrane, are listed in Tables II and III, respectively. The critical radius values obtained in the 18:0/20:46cis PC bilayer are illustrated also in Fig. 6 . Tables II and III show that the results obtained for the different bilayers are qualitatively similar to each other. The R c XY and R c Z values obtained for the entire membranes are rather close to each other, the latter being about 5%-7% smaller, and are almost the same in the different systems.
Although these values, falling in the range of 0.76-0.83 Å are rather small in comparison with the size of even small molecules, similar values have been found to be realistic as the effective water radius in polar biomolecular interactions. 78, 79 Thus, the present results indicate that although there are no preformed channels across the lipid membranes through which small molecules can permeate, the existing channels can nevertheless facilitate their crossmembrane transport. Moreover, in some of the narrow zones the value of R c Z is significantly larger than in the entire membrane ͑see Table III and Fig. 6͒ . In particular, such relatively broad channels go through zone 3 ͑aqueous phase͒, subzone 2a ͑region of the glycerol backbones͒ and subzone 1a ͑middle of the apolar phase͒. Considering the fact that the solvation free energy of small polar molecules ͑e.g., water, NH 3 , formamide, etc.͒ is 30-60 kJ/ mol higher in the middle of the bilayer than in the aqueous phase, [8] [9] [10] [11] the existence of these relatively broad channels along the membrane normal axis Z in subzone 1a can be of great importance as they can facilitate the diffusion of these penetrants through that part of the membrane in which their solvation free energy is high. Contrary to R c Z , the values of R c XY are smaller in the separate zones of the systems than in the entire membranes. This finding indicates that channels along which relatively large probes can move in lateral directions are also extended considerably along the membrane normal axis Z, and when lim- iting our analysis to slices of the system along the Z axis ͑i.e., to the separate zones or sub-zones͒ only some parts of these channels are detected. It is also seen from Tables II and III that in the region of the hydrocarbon tails, i.e., in subzones 1a and 1b the value of R c Z as well as of R c XY increases with increasing lipid unsaturation. This result is in agreement with our findings above, and can again be explained by the increasing flexibility of the increasingly unsaturated chains consisting of methyleneinterrupted C v C double bonds. [73] [74] [75] It is also in accordance with experimental results obtained for membranes of similar lipid molecules, indicating that the water permeability of fluid bilayers increases with increasing unsaturation of the hydrocarbon chains. 76, 77 
IV. SUMMARY AND CONCLUSIONS
In this work the properties of the voids present in various unsaturated lipid membranes have been analyzed in detail. The applicability of the generalized version of the VoronoiDelaunay method 15, 51 for void analysis in such complex, anisotropic, and inhomogeneous molecular systems is clearly demonstrated. In particular, the total and partial profiles of the free volume fraction have found to exhibit a considerably more detailed structure than what has previously been observed using approximate methods of calculation. [8] [9] [10] [11] [12] [13] This fine structure of the free volume profiles can, however, be interpreted by using a more detailed division of the systems into separate regions along the membrane normal axis then what has been suggested previously. 8, 9, 15, 80 Thus, similarly to several previous studies, the systems have been divided to three separate zones ͑i.e., the aqueous, polar, and apolar parts of the membrane͒ and within these zones five subzones have been defined according to the average positions of various groups of the lipid molecules. It has been found that the fraction of the empty space is the highest in the aqueous phase; however, it is considerably more compact ͑i.e., formed by larger voids͒ among the lipid tails. The fraction of the free volume is rather low in the region of the hydrated phosphatidylcholine headgroups, and is considerably larger among the glycerol backbones. The chain terminal CH 3 groups can be arranged in a considerably more compact way than the chains of CH 2 groups, as there is considerably less empty space between them than between the chains. However, with increasing lipid unsaturation the fraction of the free volume is found to increase in the middle of the membrane and decrease in the outer part of the apolar phase. This finding is consistent both with our previous results 59, [73] [74] [75] and with experimental data, 76, 77 and can be explained by the fact that due to the increasing flexibility of the hydrocarbon tails when containing more methylene-interrupted C v C double bonds [73] [74] [75] these unsaturated tails do not extend to the middle of the membrane. 59 The analysis of the percolation of the voids has revealed that the preformed cross-membrane channels are not broad enough to let small molecules, such as water, go readily through them, however, they are likely to facilitate the permeation of such molecules across the membrane. This can be particularly important in the apolar phase, where the solvation free energy of the small polar penetrants is high, and hence, according to the inhomogeneous solubility-diffusion model of Marrink and Berendsen, 8, 9 the membrane can only be considerably permeable for these molecules if they can go through this region fast enough. 
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